Low-volume 'sprint' interval training (SIT) stimulates rapid improvements in muscle oxidative capacity that are comparable to levels reached following traditional endurance training (ET) but no study has examined metabolic adaptations during exercise after these different training strategies. We hypothesized that SIT and ET would induce similar adaptations in markers of skeletal muscle carbohydrate (CHO) and lipid metabolism and metabolic control during exercise despite large differences in training volume and time commitment. Active but untrained subjects (23 ± 1 years) performed a constant-load cycling challenge (1 h at 65% of peak oxygen uptake (V O 2 peak ) before and after 6 weeks of either SIT or ET (n = 5 men and 5 women per group). SIT consisted of four to six repeats of a 30 s 'all out' Wingate Test (mean power output ∼500 W) with 4.5 min recovery between repeats, 3 days per week. ET consisted of 40-60 min of continuous cycling at a workload that elicited ∼65%V O 2 peak (mean power output ∼150 W) per day, 5 days per week. Weekly time commitment (∼1.5 versus ∼4.5 h) and total training volume (∼225 versus ∼2250 kJ week −1 ) were substantially lower in SIT versus ET. Despite these differences, both protocols induced similar increases (P < 0.05) in mitochondrial markers for skeletal muscle CHO (pyruvate dehydrogenase E1α protein content) and lipid oxidation (3-hydroxyacyl CoA dehydrogenase maximal activity) and protein content of peroxisome proliferator-activated receptor-γ coactivator-1α. Glycogen and phosphocreatine utilization during exercise were reduced after training, and calculated rates of whole-body CHO and lipid oxidation were decreased and increased, respectively, with no differences between groups (all main effects, P < 0.05). Given the markedly lower training volume in the SIT group, these data suggest that high-intensity interval training is a time-efficient strategy to increase skeletal muscle oxidative capacity and induce specific metabolic adaptations during exercise that are comparable to traditional ET.
Prolonged sessions of moderate-intensity exercise (e.g. ≥ 1 h at ∼65% of peak oxygen uptake (V O 2 peak )), performed repeatedly for at least several weeks, increases skeletal muscle oxidative capacity and alters substrate utilization during matched-work exercise, resulting in improved endurance capacity (Gollnick et al. 1973) . Although less-widely appreciated, numerous studies have shown that brief, repeated sessions of 'all out' high-intensity or sprint-type interval training (SIT) elicits changes in skeletal muscle energy metabolism that resemble traditional endurance training (ET) (Henriksson & Reitman, 1976; Saltin et al. 1976; Gibala et al. 2006a) . The relatively few studies that have directly compared skeletal muscle metabolic adaptations to interval and continuous training have yielded equivocal results, and in all cases the total volume of work performed was similar between groups (Henriksson & Reitman, 1976; Saltin et al. 1976; Eddy et al. 1977; Fournier et al. 1982; Gorostiaga et al. 1991; Edge et al. 2006) . Recently, we (Gibala et al. 2006a ) examined molecular and cellular adaptations in resting human skeletal muscle after six sessions of SIT or ET performed over 2 weeks. By design, total training time commitment and exercise volume was markedly lower in the SIT group, yet we found similar improvements in the maximal activity of cytochrome c oxidase (COX) and the protein content of COX subunits II and IV after training (kg) 69 ± 3 6 9 ± 3 6 8± 3 7 5± 4 7 5 ± 4 7 5 ± 4 V O 2 peak (ml kg −1 min −1 ) * 41 ± 2 4 4 ± 2 4 4± 2 4 1± 2 4 2 ± 2 4 5 ± 2 V O 2 peak (l min −1 ) * 2.8 ± 0.2 3.0 ± 0.1 3.0 ± 2 3.0 ± 0.3 3.2 ± 0.3 3.2 ± 0.3
Values are means ± S.E.M., n = 10 per group. * P < 0.05, main effect for training (3 week = 6 week > pretraining).
in both groups. Although previously speculated by others (Coyle, 2005) , to our knowledge this was the first study to demonstrate that SIT was indeed a very 'time-efficient' strategy to improve skeletal muscle oxidative capacity and exercise performance (Gibala et al. 2006a) .
In the present study, we sought to confirm and extend the findings of our previous work showing similar increases in muscle oxidative capacity after 2 weeks of SIT or ET (Gibala et al. 2006a ). This previous study was limited in that the duration of training was relatively short and it could be argued that the very intense nature of SIT might stimulate rapid skeletal muscle remodelling (possibly due to altered fibre recruitment), whereas adaptations to lower-intensity ET accrue more slowly. In addition, our previous study involved a single marker of muscle oxidative capacity in resting biopsy samples, and thus provided limited insight regarding the potential for changes in substrate metabolism during exercise. In consideration of these issues, the unique purpose of the present study was to compare changes in markers of skeletal muscle carbohydrate (CHO) and lipid metabolism and metabolic control during matched-work exercise, before and after 6 weeks of low-volume SIT or high-volume ET. The SIT protocol was modelled on previous work in our laboratory and consisted of four to six 30 s 'all out' cycling tasks performed three times per week for 6 weeks (Burgomaster et al. 2006; Gibala et al. 2006a) . By contrast, the ET protocol was modelled on public health guidelines (American College of Sports Medicine, 1998) and consisted of 40-60 min of continuous cycling at ∼65%V O 2 peak 5 days per week for 6 weeks. Whereas previous studies have examined adaptations in resting skeletal muscle after matched-work interval and continuous training (Henriksson & Reitman, 1976; Saltin et al. 1976; Eddy et al. 1977; Fournier et al. 1982; Gorostiaga et al. 1991; Edge et al. 2006) , the present study was unique in that we assessed changes during exercise and, by design, the total weekly exercise volume was ∼90% lower in the SIT group (i.e. 225 versus 2250 kJ week −1 in the SIT and ET groups, respectively). We hypothesized that 6 weeks of SIT and ET would induce similar adaptations in muscle oxidative capacity and selected measures of whole-body and skeletal muscle substrate metabolism during exercise despite large differences in total training time commitment and exercise volume.
Methods

Subjects
Twenty young healthy men and women (n = 5 men and 5 women per group) volunteered for the study (Table 1) . A preliminary screening process was employed to establish that subjects: (a) were free of risk factors associated with cardiovascular, pulmonary or metabolic disease; (b) were deemed safe to begin a physical activity programme; and (c) other than activities of daily living, were not engaged in a regular exercise training programme (i.e. ≤ 2 sessions per week and ≤ 30 min per session, for at least 1 year prior to the study). The experimental procedures and potential risks were fully explained to the subjects prior to the study, and all subjects provided written, informed consent. The experimental protocol was approved by the McMaster University and Hamilton Health Sciences Research Ethics Board.
Pre-experimental procedures
Subjects initially performed a progressive exercise test (increasing 1 W every 2 s) on an electronically braked cycle ergometer (Lode BV, Excalibur Sport V2.0, the Netherlands) in order to determine their peak oxygen uptake (V O 2 peak ) using an on-line gas collection system (Moxus Modular VO 2 System, AEI Technologies Inc., Pittsburgh, PA, USA). The value used forV O 2 peak corresponded to the highest value achieved over a 30 s collection period. Subjects subsequently performed a familiarization ride in order to determine the workload that elicited ∼65% of theirV O 2 peak . All subjects also performed a 30 s test of all out effort (Wingate Test) on the same cycle ergometer against a resistance equivalent to 0.075 kg (kg body mass) −1 . After the familiarization procedures, subjects were assigned to either a sprint training (SIT) group or an endurance training (ET) group in a matched fashion based on sex andV O 2 peak (Table 1) . 
Experimental protocol
Each subject served as their own control and performed two experimental trials, before and after a 6 week exercise training programme (see below). Upon arrival at the laboratory, the lateral portion of one thigh was prepared for the extraction of needle biopsy samples from the vastus lateralis muscle (Bergström, 1975) . Two small incisions were made in the skin and overlying fascia after injection of a local anaesthetic (2% lidocaine). A biopsy was obtained at rest, and then subjects commenced cycling for 60 min on an electronically braked cycle ergometer (Lode BV) at a workload designed to elicit ∼65% of pretrainingV O 2 peak . Heart rate was determined using telemetry (Polar Electro, Woodbury, NY, USA) and expired gases were collected for the determination ofV O 2 ,V CO 2 and respiratory exchange ratio (RER) using a metabolic cart (Moxus Modular VO 2 System) and used to estimate rates of whole-body fat and carbohydrate oxidation (Peronnet & Massicotte, 1991) . A second muscle biopsy was obtained immediately after exercise. The second experimental trial was performed 96 h after the final exercise training session and was identical in all respects to the first experimental trial, including power output which was set at the same absolute workload (i.e. 65% of pretrainingV O 2 peak ).
Training protocol
The training protocols were initiated several days after the first experimental trial (Table 2 ). ET consisted of continuous cycling on an ergometer, 5 days per week (Monday-Friday) for 6 weeks, at a power output corresponding to ∼65%V O 2 peak . Subjects performed 40 min of exercise per training session for the first 2 weeks. Exercise time was increased to 50 min per session during weeks 3 and 4, and subjects performed 60 min of exercise per session during the final 2 weeks.V O 2 peak tests were re-administered after 3 weeks of training and training loads were adjusted in order to maintain a training intensity equivalent to ∼65%V O 2 peak . SIT consisted of repeated Wingate Tests on an ergometer 3 days per week (Monday, Wednesday and Friday) for 6 weeks. The number of Wingate Tests performed during each training session increased from four during week 1-2, to five during week 3-4, and finally to six during week 5-6. For all training sessions, the recovery interval between Wingate Tests was fixed at 4.5 min, during which time subjects cycled at a low cadence (< 50 r.p.m.) against a light resistance (30 W) to reduce venous pooling in the lower extremities and minimize feelings of light-headedness or nausea. The endurance training programme was based on general guidelines recommended by leading public health agencies (American College of Sports Medicine, 1998) whereas the SIT programme was modelled on recent studies conducted in our laboratory that have examined metabolic and performance adaptations to low-volume, high-intensity interval training (Burgomaster et al. 2005 (Burgomaster et al. , 2006 (Burgomaster et al. , 2007 Gibala et al. 2006a) . By design, the protocols differed substantially in terms of total exercise training volume and time commitment in order to evaluate adaptations in skeletal muscle metabolism to two diverse training programmes.
Dietary controls
Subjects were instructed to continue their normal dietary and physical activity practices throughout the experiment but to refrain from alcohol and exercise for 48 h before each trial. Exercise was performed 3 h after a standardized meal. Subjects recorded their dietary intake for 24 h prior to the pretrial so that their individual pattern of food intake could be replicated in the 24 h before the post-trial. Subsequent dietary analyses (Nutritionist Five, First Data Bank, San Bruno, CA, USA) revealed no differences in total energy intake or macronutrient composition prior to the two trials and no differences between groups (Table 3) .
Muscle analyses
Muscle samples were initially sectioned into several pieces under liquid nitrogen and one of the pieces was freeze-dried, powdered and dissected free of all J Physiol 586.1 Energy intake (MJ) 11 ± 1 1 0 ± 1 1 1 ± 1 1 0 ± 1 Carbohydrate (%) 60 ± 2 5 9 ± 2 5 6 ± 3 5 5 ± 4 Fat (%) 23 ± 2 2 4 ± 2 2 6 ± 2 2 6 ± 2 Protein (%) 17 ± 1 1 7 ± 1 1 8 ± 2 1 9 ± 2 Protein (g (kg body wt) −1 )
1.6 ± 0.1 1.5 ± 0.1 1.6 ± 0.2 1.6 ± 0.2 Data collected for 24 h prior to each experimental trial. Values are means ± S.E.M., n = 10 and n = 9 for SIT and ET groups, respectively. No difference between trials or groups.
non-muscle elements. The samples were stored at −80 • C until required for analyses.
Enzyme activities
One piece of frozen wet muscle was chipped from the resting samples and homogenized to a 50 times dilution as described by Henriksson et al. (1986) . The homogenate was subsequently analysed to determine the maximal activity of citrate synthase (CS) on a spectrophotometer (Ultrospec 3000 pro UV/Vis) using a method described by Carter et al. (2001) . The remaining homogenate was further diluted to 150 times (Henriksson & Reitman, 1976) and analysed for the maximal activity of 3-hydroxyacyl CoA dehydrogenase (β-HAD) on a fluorometer (Hitachi F-2500, Hitachi Instruments, Tokyo, Japan) using a method described by Chi et al. (1983) . Total protein content of all homogenates was determined by the method of Bradford (1976) and enzyme activities are expressed as moles per kilogram of protein per h.
Immunoblotting
An aliquot of freeze-dried muscle was added to 250 μl homogenizing buffer containing 50 mm Tris (pH 7.5), 1 mm EDTA, 1 mm EGTA, 10% glycerol, 1% Triton X-100, 50 mm NaF, 5 mm sodium pyrophosphatase, 1 mm DTT and 2 μl protease inhibitor cocktail. The sample was homogenized on ice and subsequently centrifuged at 1000 g for 5 min. The supernatant was collected and the protein content was determined (Pierce BCA Protein Assay Reagent). The sample was subsequently diluted with homogenizing buffer to 3 mg (ml protein) −1 . A 200 μl aliquot of sample was mixed with 50 μl loading buffer and heated at 100
• C for 5 min. For each blot, a standard and a positive control was loaded along with 40 μl each sample onto a 5% polyacrylamide stacking gel and separated using a 10% polyacrylamide separating gel of 1.5 mm thickness at 180 V with a running time of ∼45 min in Tris-glycine electrophoresis buffer. The gels were electroblotted onto nitrocellulose membranes in transfer buffer (37 mm Tris base, 140 mm glycine and 20% methanol) for 90 min at 90 V in a cold room. Membranes were then incubated in Tris-buffered saline Tween (TBST; 10 mm Tris base, 150 mm NaCl and 0.05% Tween 20) with 5% skimmed milk for 1 h, and washed twice with TBST for 3 min. The membranes were subsequently incubated overnight at 4
• C in PBS containing 1% bovine serum albumin and primary antibodies against the E1α subunit of pyruvatp dehydrogenase (PDH) (Molecular Probes, Eugene, OR, USA) or peroxisome proliferator activated receptor gamma coactivator 1 alpha (PGC-1α) (Chemicon, Temecula, CA, USA). Following incubation with the primary antibody, the membranes were rewashed with TBST and exposed to appropriate anti-species horseradish peroxidase-conjugated secondary antibodies (Cell Signalling Technology, Danvers, MA, USA) at a 1 : 10 000 dilution in blocking buffer for 60 min at room temperature (20
• C). Membranes were then washed again with TBST before being exposed to a chemiluminescent liquid (Immuno-Star HRP Substrate Kit, Bio-Rad) for 2 min. Membranes were exposed using a Biorad Chemi-Doc System for 5 min and the density of the bands was determined using associated image-analysis software.
Metabolites
An aliquot of freeze-dried muscle was extracted on ice using 0.5 m perchloric acid (PCA) containing 1 mm EDTA, neutralized with 2.2 m KHCO 3 , and the resulting supernatant was analysed for creatine, phosphocreatine (PCr), ATP and lactate using enzymatic assays adopted for fluorometry (Hitachi). Another aliquot of freeze-dried muscle was incubated in 2.0 n HCl and heated for 2 h at 100
• C to hydrolyse the glycogen to glucosyl units. The solution was neutralized with an equal volume of 2.0 n NaOH and analysed for glucose using an enzymatic assay adapted for fluorometry (Passoneau & Lowry, 1993) .
Statistical analyses
Exercise capacity data, whole-body substrate oxidation and cardiorespiratory data and enzyme activity data were analysed by using a two-factor mixed ANOVA, with the Heart rate (beats min −1 ) * 160 ± 5 151 ± 6 157 ± 5 144 ± 5 RER * 0.977 ± 0.01 0.965 ± 0.01 0.967 ± 0.01 0.941 ± 0.01 Ventilation (l min −1 ) * 48 ± 3 4 2 ± 3 4 7 ± 5 4 2 ± 4 V O 2 (ml kg −1 min −1 ) 27.7 ± 1.0 26.6 ± 1.0 26.1 ± 1.1 25.3 ± 1.8
Values are means ± S.E.M. (n = 10 per group). RER, respiratory exchange ratio;V O 2 , oxygen uptake. * Significant difference versus post-training (main effect for condition, such that pre-training = post-training, no difference between groups), P < 0.05.
between factor 'group' (SIT versus ET) and repeated factor 'condition' (pretraining versus post-training). Muscle metabolite data were analysed by using a three-factor mixed ANOVA, with the factors 'group' (SIT versus ET), 'condition' (pretraining versus post-training) and 'time' (0 versus 60 min). The level of significance for analyses was set at P < 0.05 and significant interactions or main effects were determined using Tukey's honestly significant difference post hoc test. All data are presented as means ± s.e.m. based on 10 subjects per group.
Results
Exercise capacity and cardiorespiratory datȧ
V O 2 peak increased after training, with no difference between groups (main effect for condition, P < 0.05; Table 1 ). Peak power output elicited during the Wingate Test increased by 17% and 7% in the SIT and ET groups, respectively, with no difference between groups (main effect for condition, P < 0.05), whereas, mean power output was increased by 7% only in the SIT group (P < 0.05). Oxygen uptake during the constant-load cycling challenge was similar before and after training; however, mean heart rate and ventilation were reduced (main effects, P < 0.05; Table 4 ). Mean respiratory exchange ratio during exercise was reduced after training (main effect, P < 0.05; Table 4 ) and calculated rates of whole-body fat and carbohydrate oxidation were increased and decreased, respectively, with no difference between groups (main effects, P < 0.05; Fig. 1 ).
Skeletal muscle mitochondrial enzymes and PGC-1α
The maximal activities of CS and β-HAD and the total protein content of PDH were increased after training, but there were no differences between groups (main effect for condition, P < 0.05; Fig. 2) . Similarly, PGC-1α protein content increased after training but there was no difference between groups (main effect for condition, P < 0.05; Fig. 3 ).
Skeletal muscle metabolites
Muscle glycogen content was higher at 60 min of exercise post-training compared to pretraining, with no difference between groups (condition × time interaction, P < 0.05; Fig. 4 ). Net muscle glycogenolysis during exercise was also reduced after training in both SIT (post-training, 166 ± 20; pretraining, 283 ± 28 mmol (kg dry wt) −1 ; P < 0.05) and ET (post-training, 154 ± 25; pretraining, 226 ± 15 mmol (kg dry wt) −1 ; P < 0.05), with no difference between groups (main effect for condition, P < 0.05). Muscle PCr content was higher at 60 min of exercise post-training compared to pretraining with no difference between groups (condition × time interaction, P < 0.05; Fig. 5 ), whereas creatine showed a reciprocal change and was lower after 60 min of exercise post-training compared to pretraining (condition × time interaction, P < 0.05; Table 5 ). Muscle ATP was unchanged by acute exercise; however, ATP was reduced after 6 weeks of SIT compared to ET (group-condition interaction, P < 0.05; Table 5 ). Lactate accumulation was reduced after training; however, the relative exercise-induced changes were modest and overall there were no significant effects (Table 5 ). 
Discussion
The major novel finding from the present study was that 6 weeks of SIT elicited adaptations in selected markers of skeletal muscle CHO and lipid metabolism and metabolic control during exercise that were comparable to those elicited by ET, despite a much lower training volume and time commitment. By design, weekly training volume was ∼90% lower in the SIT group (∼225 versus ∼2250 kJ week −1 for ET) and necessitated a training time Values are means ± S.E.M. (n = 10 per group). Metabolite data expressed in mmol (kg dry wt) −1 . Cr, creatine. †Significant difference condition × time interaction (P < 0.05) for creatine, such that post-training (post) 60 min > pretraining (pre) 60 min in both groups; #significant difference group-condition interaction (P < 0.05) for ATP, such that post < pre in SIT versus ET.
commitment that was only ∼one-third of that of the ET group (∼1.5 versus 4.5 h). Most of the training time in the SIT group was spent in recovery between short, intense bursts of all out cycling and actual weekly exercise time was only ∼10 min, as compared to ∼4.5 h of continuous moderate-intensity cycling in the ET group. The present results confirm and extend our recent findings (Gibala et al. 2006a ) of similar increases in muscle oxidative capacity and volitional exercise performance after six sessions of SIT or ET over 2 weeks. To our knowledge, the present study is the first to directly compare SIT versus ET in a standardized manner with respect to changes in skeletal muscle metabolism during matched-work exercise.
Skeletal muscle oxidative capacity
As in our previous investigation to assess changes after 2 weeks of training (Gibala et al. 2006a) , in the present study we found similar increases in muscle oxidative capacity after 6 weeks of SIT or ET despite large differences in training volume. It is interesting that the relative increase in maximal activity of CS after 6 weeks in the present study (∼25% in both groups) was similar to that observed for COX after 2 weeks in our previous study (Gibala et al. 2006a) . Collectively, these findings suggest that much of the increase in mitochondrial content occurs relatively 'early' in the training process, which is supported by another recent study that showed increased COX protein content after 1 week (three sessions) of SIT, yet no further increase after 6 weeks of training (Burgomaster et al. 2007) . Data from animal investigations also illustrate the potential for brief bouts of intense interval exercise to elicit rapid changes in muscle oxidative capacity. For example, Terada et al. (2001) showed that 8 days of high-intensity, intermittent swimming training (lasting < 5 min day −1 ) increased maximal activity of citrate synthase in rat skeletal muscle to a level similar to that induced by 6 h of daily low-intensity training. In terms of comparing SIT versus ET, a novel aspect of the present study was the measurement of other mitochondrial enzymes that are commonly used to reflect the maximal capacity for skeletal muscle CHO (PDH) and lipid oxidation (β-HAD). Although previously speculated by others (Harmer et al. 2000) , this is the first study to show that SIT increases the total protein content of PDH (E1α subunit) in human skeletal muscle, the magnitude of which was similar to that previously reported for ET (LeBlanc et al. 2004) . The training-induced increase in maximal activity of β-HAD in the present study is in contrast to our previous findings (Burgomaster et al. 2006) of no change after 2 weeks of SIT. These data suggest that a minimum volume of intense, interval-based exercise training may be necessary in order to elicit changes in the maximal capacity for lipid oxidation in skeletal muscle. Consistent with this interpretation, Talanian et al. (2007) recently reported that seven sessions of high-intensity interval training over 2 weeks increased the maximal activity of β-HAD and protein content of plasma membrane associated fatty acid binding protein (FABPpm) in human skeletal muscle. Each training session in that study (Talanian et al. 2007 ) consisted of 10 bouts of cycling for 4 min at 90%V O 2 peak with 2 min of rest between intervals. The total training time commitment (∼5 h) and exercise volume (∼3000 kJ) over the 2 week training period was thus substantially higher than in our recent short-term studies employing Wingate Test-based exercise training (Burgomaster et al. 2005 (Burgomaster et al. , 2006 (Burgomaster et al. , 2007 . 
Skeletal muscle metabolism during exercise
Training-induced shifts in substrate utilization during exercise have been well documented after several weeks of ET. In contrast to traditional ET, very few studies have examined changes in substrate utilization in working human skeletal muscle after SIT (Nevill et al. 1989; Harmer et al. 2000; Barnett et al. 2004; Burgomaster et al. 2006) . Furthermore, the few studies that have examined sprint training-induced changes in skeletal muscle metabolism during exercise have incorporated brief 'supramaximal' exercise challenges in which the power output differs markedly between the pre-and post-training trials (Nevill et al. 1989; Parra et al. 2000; Barnett et al. 2004) . We therefore compared changes in skeletal muscle metabolism during a prolonged bout of fixed-load exercise (1 h cycling at 65% of pretrainingV O 2 peak ) before and after 6 weeks of either SIT or ET. Consistent with our hypothesis, we observed similar reductions in net muscle glycogenolysis and phosphocreatine degradation during matched-work exercise after both forms of training, despite a marked decrease in training volume in the SIT group. Although reductions in glycogen utilization after several weeks of ET have been well established, the effect of interval training on muscle glycogenolysis is equivocal with most (Harmer et al. 2000; Parra et al. 2000; Burgomaster et al. 2006) , but not all studies (Nevill et al. 1989; Barnett et al. 2004) showing a decrease in glycogen utilization during exercise. Similarly, reductions in phosphocreatine utilization during exercise have been reported after some , but not all (Nevill et al. 1989; Stathis et al. 1994; Harmer et al. 2000; Rodas et al. 2000; Barnett et al. 2004 ) sprint training studies.
A final observation with respect to skeletal muscle metabolic changes is that a reduction in ATP content at rest and during exercise following SIT but not ET. This finding is consistent with a previous study from our laboratory investigating metabolic adaptations after 2 weeks of SIT (Burgomaster et al. 2006) and work by Stathis et al. (1994) who reported a reduction in resting muscle ATP content after 7 weeks of SIT. During strenuous exercise, AMP produced from ATP hydrolysis can be deaminated by AMP deaminase, resulting in the formation of inosine monophosphate (IMP) and ammonia, and the subsequent breakdown of IMP to inosine and hypoxanthine resulting in a loss of adenine nucleotides from the muscle (Hellsten et al. 1998) . Replacement of purine nucleotides lost from the muscle is a relatively slow, energy-consuming process and appears to continue for several days after intense exercise (Hellsten et al. 1998) . Thus the lower ATP content measured after training in the present study may have been due to the stress of chronic training or the acute residual effects of the final training bout, which was performed approximately 72 h before tissue extraction.
Potential mechanisms involved in skeletal muscle remodelling after SIT
While the present study demonstrates the potency of SIT to elicit changes in muscle oxidative capacity and selected metabolic adjustments during exercise that resemble ET, the underlying mechanisms are unclear. From a cell signalling perspective, exercise is typically classified as either 'strength' or 'endurance' , with short-duration, high-intensity work usually associated with increased skeletal muscle mass, and prolonged, low-to moderateintensity work associated with increased mitochondrial mass and oxidative enzyme activity (Baar, 2006) . Given the oxidative phenotype that is rapidly up-regulated by SIT, it is possible that metabolic adaptations to this type of exercise could be mediated in part through signalling pathways normally associated with traditional ET. A key regulator of oxidative enzyme expression in a number of cell types, including skeletal muscle, is PGC-1α (Koulmann & Bigard, 2006) . PGC-1α coordinates mitochondrial biogenesis by interacting with various nuclear genes encoding for mitochondrial proteins. Acute exercise induces transient transcriptional activation of the PGC-1α gene in human skeletal muscle (Pilegaard et al. 2003) but to our knowledge only one previous study in humans has examined the effect of prolonged exercise on PGC-1α protein content. Russell et al. (2003) reported that endurance training for 6 weeks (3 days per week) increased PGC-1α protein content in type I, IIa and IIx fibres, which is consistent with data obtained in rats (Taylor et al. 2005) . The present study is the first to show that low-volume SIT increases PGC-1α protein content in a similar manner to high-volume ET in human skeletal muscle. The potency of interval-based training in this regard is supported by the work of Terada et al. (2005) , who showed increased skeletal muscle PGC-1α protein content after a single bout of high-intensity intermittent swimming exercise in rats. While the precise molecular events are unclear, increases in the AMP-activated protein kinase (AMPK), mitogen-activated protein kinase (MAPK) and calcium-signalling mechanisms appear to be important in the regulation of PGC-1α expression and activity (Koulmann & Bigard, 2006) . Consistent with this interpretation, in a preliminary report we (Gibala et al. 2006b ) showed activation of AMPK and p38 MAPK in response to an acute session of Wingate-based exercise training.
In summary, the results of the present study demonstrate that low-volume SIT is a time-efficient strategy to induce changes in selected markers of wholebody and skeletal muscle CHO and lipid metabolism during exercise that are comparable to changes induced by traditional high-volume ET. Skeletal muscle remodelling after SIT may be mediated in part through signalling pathways normally associated with traditional ET, but additional research is warranted to clarify the molecular mechanisms responsible for metabolic adaptations induced by these different acute exercise 'impulses' . It is also important to stress that the relatively limited array of metabolic measurements performed in the present study may not be representative of other physiological adaptations normally associated with ET. For example, SIT may differ from ET with respect to changes induced in the cardiovascular and respiratory systems, metabolic control in other organs (e.g. liver or adipose tissue) and protection from various factors associated with chronic inactivity (e.g. insulin resistance or lipid dysregulation).
